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VAPOR STREAM DILUTION BY PULSE-WIDTH MODULATION

Introduction 4 ability to prepare accurate calibrated vapor samples is of
profound importance in the use and Jevelopment of analytical instruments for gas phase
environmental monitoring. In chemical vapor sensor research, dynamic gas streams are
generally preferred over static t;ethods, &sgecially for very dilute vapors. Dynamic

methods minimize the effects of wall adsorption on vapor stream ’composiﬁ;)r;.\ ~A variety of

methods have besz developed for the generation of calibrated vapor streams (1). Typically, |

the vapor source is a bubbler, permeation tube, or diffusion tube, The vapor stream
supplied by the source is often diluted with additional carrier gas using a flow system. A
wide range of Emcmtmtiong can be obtaiped simply by adjusting carrier gas flow rates.
IWe have previousiy described an automated vapof-gencration system designed for use in
chemical sensor research(2).

We now wish to describe some hnéomt operating principles and methods that
 influence the dilution of vapor streams by a pulse-width modulation method. We became
" interested in this method after purchasing a VG-7000 vapor generation system from
Microsensor Systems, Inc. (Springfield, VA); this instrument uses pulse-width
modulation; We found that the correc: operation of the pulse-width modulation dilution
‘method requires that a critical assumption of the method be recognized and adhered to.
Because we know of several other labqratoria using similar vapor generation systems ¢
other pulse-width modulation schemes, we believe it is worthwhile to discuss this
assumption, and the methods we use to insure timt its conditions are met. In this note we
" will focus only on those aspects of vapor generation system design and use that influence
correct operation of the pulse-width modulation dilution method. We will not attemipt to

completely describe the VG7000 vaﬁor generation system.

Manuscript approved October 3, 1990. ~
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Systéem Design and Dilution Method. The designs of the overall vapor
generation system and various subsystems are shown in Figures 1 to 6. Each of three
bubbler modules houses four bubblers which are maintained at constant temperature in a

machined aluminum block with inlets and outlets for water from a refrigerated circulating
water bath. We maintain the bubblers at 15°C, The method of selecting a bubbler is
illustrated in Figure 2. The samrated (at 15°C) vapor stream progresses through three
stages of dilution, shown in Figures 3 and 4. Finally, the output of the vapor generation
instrument is either clean carrier gas for sensor baseline and recovery determination, or the
diluted vapor stream for evaluation of sensor response.
Carrier gas supplied to the system at various points is regulated at each pointtoa
single constant flow rate using electronic mass flow controllers. We use dry nitrogen
.regulated to 120mL/min at each point, but for the discussion in this note we will assume all
flow controllers are adjusted to 100mL/min, and will loosely refer to the clean carrier gas as
“air”, The tubing throughout the system is 1/4” OD, 1/3” ID teflon tubing, excépt in
carefully selected locations where smaller bore tubings are chosen to cause flow restrictions
and pressure differentials. | |
The dilution method shown in Figures 3 and 4 consists of three pulse-width
" modulation stages. Each stage contains two three way solenoid valves connected by a tee
junction to a mixing chamber. One valve (referred to as the vapor valve) receives a vapor
stream at 100mL/min while the other (referred to as the air valve) receives clean air at
100mL/min. At any given moment, one of these valves is sending gas into the tee and the
mixing chamber, while the other is discarding gas to the vent system. The twg valves are
actuated by a single control signal so that pulses of vapor and air are altemately sent into the
mixing chamber. The relative time periods of these pulses determine the extent of dilution.
The mixing chamber mixes the pulses completely so that the vapor stream at its output is of

uniform concentration.
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Figure 1. Diagram of the overall vapor generation systern.
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Figure 2. Diagram of the method of selecting a bubbler vapor source. Carrier gas is
supplied at 160 mL/min by an electronic mass flow controller. Circles are solenoid valves,
B stands for bubbler, and V stands for vent. The valve on the far right of th= bubbler
module is a bypass valve which is open when no bubbler is selected. When vapor
mixtures are generated by pulse width modulation, a mixing chamber is located between the
union cross shown and the dilution stages. Valves are shown in their normal(two-way
valves) or normally open(three-way valves) positions.
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100 mL/min by electronic mass flow controllers. Circles are solenoid valves. The
diagonaily shaded rectangles in each dilution stage are chambers which mix the pulses of
vapor and clean carrier gas which are alternately admitted by the preceding pair of solenoid
valves. V1 and V2 stand for vents. Valves are shown in their actuated positions,
corresponding to the vapor-on portion of the dilution duty cycle, and vapor stream output
to thy sensor.

Figure.3. Diagram of the method of dilution. Catrier gas at all points shown is delivered at
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Figure 4. Diagram of the method of dilution with valves shown in their normally open
positions. The dilution stage valves are in these positions during the air-on portion cf a

duty cycle. The output selection stage valves are in these positions during clean air output

to the sensor. The valves are also in these positions when the instrument is in its resting
state. '
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Figure 5. Diagram of the vent systems associated with the dilution stages and output
selection stages. V1 and V2 correspond to the positions in Figures 3 and 4. The vents V
in Figure 2 also have flow restrictions associated with them which feed into the large bore
vent to hood but are not shown in this figure.
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Figure 6. Another view of a dilution stage illustrating how the diiution stage and the vent
system are connected. The cylinders are three way solenoid valves whose input
connections are behind them. The diagonally shaded parallelogram is a mixing chamber.




The system operates on a 10 sec duty cycle. Thus a dilution to 609 of the input
coacentration in a given dilution stage is achicved by opening the vapor valve toward the
mixer for a 6 sec "vapor-on” period alternately with a 4 sec "air-on” period. Figure 3
illustrates the dilution stage solenoid valves in taeir lctuned positions, which corresponds
to the vapor-on portion of a duty cycle. The non-actuated, normally open positions of the
dilution stage solenoid valves are shown in Figure 4. The valves will be in these postions
during the a.ir-lon Vponion'of a duty cycle when all stages are being modulated. For diiutions
from no dilution to 2-fold dilutioﬁ, we mo&ﬁe oaly the first dilution stage; Vthe vapor
valves of the whsgqxem dilution stages are actuated coutimiously so thu the vapor stream
passes thrwgh them to the output selection stage. Prom 2-fold to 4-fold dilution we
modulate the first two stages. For greater than 4-feld dilution we modulate all three stages.

. For any given dilution, the stages being operated are modulated using identical
simultaneous cycles. Thﬁs, for a 125-fold dilution, all three vapor vlalves are ewitched on
for the first 2 seconds of the duty cycle. Valve switching events have the potential to
perturh gas flows; operating the stazes simultaneously minimizes the number of such
events during a duty cycle | h

The critical assumption of this pulse-width modulation method is that the ﬂow‘me.s
of the vapor stream and the clean air stream andingq dilution sagem knownand
constant, and that this condition is maintained even as valves are switched. As the method
is implemented in this instrument, the known constant flow rates of tbc vapor stream and
the clean air stream should be identical. Tt is common experience in My gas flow systems
that switching a valve can cause a sudden drop or surgé in flows. If such flow
perturbations occur in a pulse-width modulation dilution system, the dilution ratio achieved
will no longer be dependent solely on the relative time-widths of the pulses. Considera |
sec vapor-on period in a stage where the flow drops for an average of 50mL/min for 0.5
sec, with the remaining 0.5 sec at normal 100inL/min flow. The vapor pulse would deliver

only 75% of the amount of vapor expected. With three dilution stages in a row, errors can




multiply quickly. The shorter the vapor-on period, the more critical it is that flow
perturbations following valve switching be minimized or eliminated. This requires careful
design and fine tuning of the vent system into which waste gas streams are discarded.

This example is not an exaggeration. When the vent system {s not correctly
adjusted, flow drops or surges of much greater munimdel and dunation occur. These are
observed by placing a rotameter in series with the flow in question. The bell responds to
flow perturbations almost instantly, and provides a sensitive indication of ﬂmv conditions.
(Typical electronic mass flow meters respond too slowly for this purpose.) When the
sysem is carefully adjusted using the approach we describe below, the. rotameter ball only
briefly fh;mpc' when a valve switching event occurs. | |

System Flow Restrictibnﬁ and Vent System Design. In order to obtain
constant flow rates even as dilution stage wleuonﬁ valves switch, the pressures at each of
the two outlets of a three way solenoid valve must be the same. The pressures at the vapor
valve of itagg 1 while vapor is being output to a sensor will be considered 10 explain this
principle (see Figure 3). The pressure at the tee outlet‘ (a8 opposed to the vent outlet) is
higher than mm: pressure by an amuunt depending on the flow rate (100mL/min)
and flow restrictions between the tee outlzt and the final output to the atmosphere.
Sm&fxally. flow restrictions leading to pressure difTerentials are created by the stage |
inixing chamber, the valves and mixing chambers of stages 2 and 3, the large flow
restriction deliberately placed in the flow path, the output selection stage vapor valve, and
finally the sensor and its tubing connections. In order for the pressure on the vent outlet of
the stage | vapor valve to be identical, the flow rate and flow restrictions from that point
through the vent system to the final output to atmosphere must produce an identical
pressure differential to that in the route from the stage | tee through the system and the
sensor to the atmosphere. For the system to operate properly, similar conditions must be

met for several three-way solenoid valves at various positicns in the system, and the




conditions must be met under all the dilution conditions one might select when using the
instrument. The design of a vent system to meet these cﬁteﬁa was initially daunting. To
help solve this design problem, we first devised a method to measure th? relative flow
restrictions of the varicus components of the system. The greatest restriction is caused by
the large flow restriction shdwn in Figures 3 and 4, whose purpose we will now describe.

| It is appaient that the flow restriction caused by the scqéor and its connection to the
instrament output could be a factor in determining the pressures at upstream locations in the
dilution system. Different sensor configurations being tested could impose different flow -
* restrictions. Two actions were taken to prevent the necessity of adjusting the vent system
before each experiment. First, the large ﬂowf restristion (consisting of a lehéth of /16" OD
Teflon tubing) was designed into the system to render downstream flow restrictions small
by compe.ison. Second, a 6 foot length of 1/8” OD 1/16” ID teflon tubing was connected

" to the vapor-generation instrument output and adopted as a standard flow restriction which
test sensor configurations must match. When a se::sor isito be tested, the 6 foot tubing is
removed and the sensor inlet and outlet tubes are aujusted so that the flow restriction
presented to the instrument output is equivalent to that of the 6 foot tube.

The position of the large flow restriction shown in Figure 3 is imbonam. Given the
purpose described above, it might seem logical that it be placed just before the instrument
output to the sensor.‘. The vents of all the dilution stage valves and the output stage - .
selection vaives might be connected together and sent to the atmosphere via a single
suitably adjusted flow restriction. Although having only one vent system flow restriction to
adjust appears to be desirable, this configuration was examined and it produced undesirable
results which we will not describe in d‘émil here. The importance of correctly adjusting the
output selection stage is discussed further below. It is best that the large flow restriction be
placed between the dilution stages and the output selectionlstage. and that the vent system

for thé dilution stages be adjusted independently of that for the output selection stage. In



this configuration, the dilutioﬁ process is much less sensitive to events at the output
selection stage.

In order to determine a rational scheme for the placement and adjustment of flow
restrictions in the vent system, we needed to know the relative restrictions imposed by the
various components of the flow system. We used lengths of /8" OD 1/16” ID tubing as
meaﬁxm of flow restriction. A tee junction was assembled with 200 ml/min carrier gas
flowing into one branch of the tee and out the other two branches. The portion of the flow
system to be measured was connected to one outlet, and a length of the 1/3” bing was
connected to the other. Thﬁ configuration assures that the pmiute drops across the |

- system component and the 1/8” tubing are identical. If the length of the 1/3" tubing is

adjusted so that the flow rates through boih sides are the same, then the flow restrictions
are the same and the length of lhg tubing serves as a measure of the {low restriction of the
system component. We refer to this as the "tee” method of measuring flow restrictions.

" In practice, adding a flow meter (here we usedin Sierma Instruments électronic mass
flow meter) imposes an additional flow rzstriction on the side being measured, so that its
flow is actually less than 1/2 the 200 mL/min input to the tee. However; identical readings
on each side cf the tee remains a valid indication that the rwo sides are matched. The -
measurements were further checked by insuring no leaks existed; sealing the end of the side
not being measured and obtaining a 200 mL/min flow rate measurement out the other side |
confirmed the absence of leaks.

Our measurements demonstrated that the mixer of stage | plus the valves and
mixers of stages 2 and 3 were equivalent to 6” of tubing. The mixer of stage 2 plus the
valve and mixer of stage 3 were equivalent 1o 3.5", and the mixer of stage | was equivalent
01, By comparison, th& large flow restriction was equivalent to over 33 feet of tubing.

Therefore, the vent system for the dilution stages was designed as shown in Figure
5. The connections between the vent system and the dilution stages are further clarified by

the view of a dilution stage in Figure 6. All dilution stage vents V1 were combined and
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directed to a single flow restriction referred to as the dilution stages vent system main flow
restriction. This flow restriction was adjusted by aproeedunfto be described below o that
the pressure drop across it (with 300 mL/min. flow) is equivalent to that from the
' ﬁegimhuoft‘lie!up flow restriction through the output selection stage and the 6 foot /3"
OD tube sttached to the instrument output (with 100 mL/min flow). (The 6 foot tube is not
- shown in any Figure; ithconneuedwthe'Ou;puthquo{ﬂminFigutﬁ l.J,u;d
4). Though this may have been trivial, we further acoounted for difTerences in the
positions of the V1 vents of the three dilution stages by press-fiting lengths of /8" OD
1/16” ID tubing into the /4" OD w'mmmmmmwmm
" outlets. Pieces of /8" tubing of 6, 3.5", and 1" lengths were press fit into the outlets of
the stage 1, 2 and 3 valves respectively, cotresponding.to the flow remicnom measured
above by the "tee” method. | | |
The major flow restriction of the vent system {or the dilution stages was adjusted
(i.c. the dilution system was "balanced) with the vaives of the dilution stages and the
output selection stage actusted as shown in Figure 3. A carrier gas flow of 100 mVmin
originated in & selecied bubbler module, with no bubbler selected. This gas passed
throught the difution stages and the cutput sclection stage to vapor generation instrument
output, and on through the attached 6 foot tube 10 the atmosphere. The 100 mL/min carrier
a8 stresms ‘goin. into each air valve of the three dilution su.a proceed out their respective
V1 vents and join to pass through the dilution stages vent system main flow restriction.
Flow conditions were observed by placing a roameter in series between the tee and
the mixing chamber ofdil_utlon stage 3. The rotameter adds a flow restriction which we
had determined 10 be equivalent to 2.5 feet of 8" OD tubing when 100 mL/min pass
‘through it. Therefore, 2.5 feet were removed from the 6 feet of tubing on the instrument
output. , ,
With the roameter in place, it is a simple matter 1o observe the effect of switching
pairs of solenoid valves in the dilution ma.l The length of the dilution stages vent system

13



main flow restriction (/16” OD stainless steel tubing connected with brass ferrules to
prevent tubing constriction) was adjusted until switching a pair of valves causes only a
momentary bump of the rotameter ball. Vith proper adjustment, switching one or more
pairs of valves produces momentary bumps of less than 10% lasting 0.2 sec or less. The
rotameter can then be removed. We have rechecked the dilution vent system balance

- periodically over many mouths, and have never needed to readjust it. This method of
directly observing the flow conditions during dilution opennom pmvidé a high degree of
confidence that the dilutions are performed exactly in the manner intended. Coave-sely, if
significant flow perturbations are observed during dilution operations, it follows that the
 diluted concentration which is actually generated will not be identical 10 that predicted by
the relative time-widths of the pulses alone.

‘Note that the position of the rotameter is carefully chosen to provide the best
sensitivity to balance at the dilution sm It is more convenient to place the roameter on
the instrument output, but one loses sensitivity to events at the dilution stages because of
the large flow mtﬁction in between. |

It is also necessary to separately adjust flow restrictions in the vents V2 (Figures 3
and 4) of the output selection stage. Although it is not obvious in the figures, the flow
mtﬂcﬂon presented to the instrument output when a test sensor (or the aforementioned 6
foot length of tubing) is attached can be significant. When the instrument is delivering
clean air at the output, the diluted vapor stream is discarded into the vents. The flow
restriction the vapor stream encounters in the vent system must be the same as that which it
encounters when it is delivered out the instrument through the test sensor to the
atmosphere. If the output selection stage vent system Now restrictions are not correct, then
the pressures upstream at the dilution stages will not be correctly balanced while the vapor
stream is discarded to vent. (Recall that the dilution stages were balanc: ~ with the vapor
streamn being output through the 6 foot tube.; Thus, while clean air is output ty ..~ sensor,

the now unbalanced dilution stages equilibrate to a somewhat difTerent vapor concentration



than the one intended. On switching the instrument to vapor output, the dead volume
containing this different concentration is delivered to the sensor until the instrument re-
equilibiates and delivers the concentration which is generated under préperly balanced
conditions. This effect can be easily observed using standard thermal conductivity or photo
ionization dgtectom on the instrument output; two detector response levels are oSserved ‘
during a singlc‘va;)or output period. (I_t can alsobe obgn(ed using various expetimetlnal : .
microsensors, in which case tke odd effect should not be incorrecily attributed to a
peculiarity of the experimental sensor.) This type of problem was particularly noticeable
when the cutput selection stage was placed before the large flow restriction, as alluded to
briefly above. | ’ I

Tbcr‘efon. the output selection stage anld large flow restriction were arranged as

shown in Figures 3 and 4, and the vents for the output selection stage were adjusted with

flow restrictions shown in the vent outlets VZ of the two output selection stage solenoids,
as shown in Figure 5. A logical altemative arrangement would be to combine whe two V2
vents with a tee and place a singie flow restriction in the third ieg of the tee.

Finally, flow restrictions must be plsaced ir: the vents V (see figure 2) of the bubbler
;nodule selection stage, For experiments where a single vapor is utilized, the relevant
bubbler :hodule nlectfén valve is open and remains open for the entire experiment, o
adjustment of the vent V flow restriction is not critical. However, if a vapor mixture is to
be prepared by selecting two bubblers from two bubbler modules, and mixing them by
puise-widt!. inodulation, then vent V restriction adjustment is criticel. The correct flow
restriction can be determined by the "tee” measurement tccﬁnique described‘above', and
double checked by using a rotameter.

When vapor mixtures are prepared, a mixing chamber is placed between the union
cross in Figure 2 and the dilution stages. However, when mixtures are not being prepared,
this chamber creates unnecessary déd volume and surface area to retain vapc;ts.' and we

prefer to remove it.




Calibration and Dilution of Bubbler Vapors. The mass flow rates of the
vapors from the bubblers can be calibrated gravimetrically by m(rnitaﬁvcly capturing the
vapor on a tared sorbent tube. We utilize tubes packed with activa:ted charcoal and
molecular sieves in series, ana calibrate the saturated (at 159C) uibbler streams at no
dilution. For bubbler liquids with low saturated vapor pmmm,ithe‘sam:‘ated vapor

concentration is calculated from the vapor mass flow rate divided Ly the carrier gas

!
1
!
i
1

volumetric flow rate.

(D

carrier gas volumetric flow rate
|
When the bubbler liquid has a high saturation vapor pressure, the Wl volumetric flow

rate of the saturated vapor stream must include the volumetric ﬂoviz rate of the vapor as well

i

as that of the carrier gas..

i
i
_i
|

concn = vapor mass flow rate
(carrier gas volumetric flow rate + vapor volumetric flow rate) (2)

!

|
If the vapor's volumetric flow rate included in q 2 is ignored as in eq. 1, then the

calculated concentration from a liquid with a high saturation vapot pressure will be
somewhat greater than the actual concentration. Table ] lists the vapor pressures of several
organic liquids at 15°C and the volumetric flow rates of vapor e:q;ected from bubblers
containing them, assuming a 100 mL/min carrier gas flow rate.

The dilution of vapor streams from bubblers with low sanilration VBpOor pressure
liquids is straightforward. All carrier gas flow controllers are set j:lo the same {low rate,
assumed to be 100 mL/min for this disaxssio'n. Dilutions are mr&omed just as described

in previous scctions. The resulting vapor concentraticn is simply calculated from the

calibrated concearation from the bubbler times the dilutions at each dilution stage.




Table 1. Vapor Pressures ard Volumetric Flow Rates for Some Typical Organic Vapors.

Vapor Vapor Pressure® Vo‘umetnc
(15°C) Flow Rate?
torr ml/min

n-butanol 4.9 .5

toluene 16.2 2.2

2-propanol 23.0 3.1

isooctane 28.2 3.8

1,2-dichloroethane  47.5 6.7

2-butanone 59.8 8.5

dichloiomethane 274 56

aCalculated from data in the CRC Handbook of Chem:stry and Physm

bAssuming a 100 mL/min flow of carrier gas into a bubbler

A,




However, if the bubbler contains a liquid with a high saturation vapor pressure,
dilution by the pulse-width modulation method requires special care. Recall the critical
assumption of the pulse-width modulation method: the volumetric flow rates of the vapor
stream and the dilution air stream must be identicai. This condition was met in the case
considered in the previous paragraph; the volumetric flow rate of vapor from a bubbler
liquid with a low saturation vapor pressure is negligible relative to the carrier gas flow rate.
However, niany liquids one might want to generate vapors from are volatile, and the
resulting bubbler vapor voluxﬁetric flow rates are niot negligible, as seen in Table 1. If
carrier gas flow rates remain at 100 mL/min, then the total vapor stream flow rate entering
the vapor valve of the first dilution stage will exceed the clean air flow rate into the
conupoﬁding air valve. This condition violates the critical assumy.. .of the pulse-width
modulation n;cfhod. Pulses of vapor during a dilution will be too large, and the vapor
concentration actually achieved will be higher than intended (i.e. as calculated from the
saturated vapo‘r‘ concentration times the dilutions at each ailuﬁm stag * as determined by the
timing of their duty cycles). For modest dilutions, this difference is small. However, it
becomes wrprisingly‘sigrﬁﬁmm for vapor streams from high vapor pressure liquids being
diluted in all three dilution stages.

Clearly, the rigorous approach in handling vapors from liquids with significant
vapor pressures is to lower the volumetric flow rate of the carrier gas into the bubbler so
that the total volﬁmetric flow rate out of the bubbler is the desired 100mL/min. The
configuration in Figure 2 is somewhat awkward in that a single carrier gas flow controller
is present in each bubbler module, and its flow rate is pre-set manually. If the four
bubblers in a module have diverse vapor pressures, no single pre-sct flow rate will be
aﬁpropriat? for all of them. To achieve high dilutions and still cbtain accurate results from
all bubblers, the flow controller flow rate would have 1o be manually readjusted in between

experiments,




ties. First,a

Two alternative hardware configurations would alleviate these difﬁaj
rate could be

carrier gas flow controller could be dedicated to each bubbler and its flow

adjusted appropriately for the liquid in that bubbler. This approach would be costly using

electronic flow controllers for a total of twelve bubblers, The second alternative 1s to retain

a single electronic flow controller in each bubbler module, but include e.g. digital |

to analog converte.s) in the control unit so that carrier gas flow rates can be p

electronically. At the start of each experiment, the bubbler module carrier gas
could be set to a level appropriate for the particular bubbler chosen. Our VG

generator is not presently equipped for either pf these alternative methods, but

flow rate
000 vapor
they clearly

could be included in future instrument modifications.
Using the coni_'xguration in Figure 2 with a single carrier gas flow controller in each

bubbler module whose flow rate is pre-set manually, we can suggest two other options. .

These options are useful when the test sensor is to be screened against a variety of vapors
and high dilutions are not necessary. First, note that no problem is encountered if no
dilution is performed and saturated vapor concentrations are calculated from calibrated mass
flow rates via eq 2. Second, we have calculated that at a dilution to 25% of the saturated
concentration, using 5:5 duty cyclé in stages 1 and 2, the known errors coﬁ: e. In
this option, all saturated vapor concentrations are calculated by eq 1, regardless of bubbler
vapor pressure. Then the sz;mrated vapor concentration is divided by four to gat the diluted

concentration. For vapors with nigh vapor pressures, the actual saturated concentration is

less than that calculated, but the actual dilution yields concentrations higher

These errors compensate and the vapor concentration actuaily achieved at themlns

output is very close to that calculated in this manm;.r at this dilution. Although

|
calculated.

trument

this option

limits one to a single dilution level(to 25%), it works regardl&s of the bubbler liquid’s

vapor pressure. One can screen a test sensor against a wide variety of vapors

changing the carrier gas flow rate from its preset 100mL/min.

19
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System Use and .Flushing. Thus far the discussion has focused entirely on
factors influencing the correct operation of the pulse-width modulation method. One .
additional aspect of the pulse-width modulation method that merits attention is the
requirement to adequateiy flush the system out after an experiment. This is necessary with
all vépor systems, but it is particularly important with this method because of the volumes
and surfaces of the mixing chambers. Vapor adsorbed on surfaces will desorb and bleed
into the carrier gas at low concentrations. Adequate flushing time is quired‘ in between
* experiments to insure that subsequent experiments are not contaminated by the previous
vapors.

We have adopted a number of practices to insure adequate system flushing, |
including control experiments before each vapor experiment. To describe these cor trol
.expcrim'cnts, W” wst iirst describe nermal instrument operations.

Instrument functions are executed by a program running in the control unit (see
Figure 1). The contfol unit sends signals to the dilution and bubbler modules to operate
solenoid valves. It must receive serial input from a microcomputer which specifies the
parameters for one experiment. The program executes that experiment; at its completion,
the program is ready for parameters for the next experiment. If sequences of vapor
experiments are to be executed, the microcomputer must provide the control unit with the
parameters for cach experiment when the control unit is ready for them.

The VG7000 came equipped with software to set up sequences of vapor
experiments. However, we feund it more useful to communidatc with the control unit using
a commercial communiwic;ns program (Smartcom II on the Macintosh). This allowed us
more ahthority over dilution timing, system flushing, and control experimenis. Sequencss
of vapor experiments are easily programmed using the macro or "autopilot” capability of
the communications program to read text files from disk and communicate their contents
over the serial line at pre-programmed intervals. The text files contain the parameters foran

experiment.
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The parameters for an experiment instruct the control unit to selecta bubbler
module, a bubbler in that module, and specify the duty cycles for each dilution stage. In
addition the timing of the output selection stage is specified. This timing begins with a
~ warmup p;:riod to equilibrate the vapor stream.  During this period the vapor stream is
discarded to vent at the output selection stage while clean air is delivered to the test sensor.
Then a time period is speciﬁed for delivery of the vapor stream to the sensor, followed by
another period of clean air output. | Cyc!g of vapor/clean air can be repeated. At the
wmpleﬁon of the experiment, the bubbler and bubbler modules are de-selected, all dilution
stops, and clean air is delivered at the output. '

Before each vapor experiment, we execute a control cx'peﬁment which is identical

except that no bubbler isl selected. The same bubbler module is selected, so that carrier gas
| flows follow identical patbwaysm the control and vapor experiments. The warm-up
period provides flushing tjme, and we mbnitor the sensor as usual during the Aoutput cycles.
If no response is seen, then the system is adequately flushed and a response in the
subseguent expeﬁment is cemiq to be due to vapor from the bubbler selected.

. When an experiment or sequence of experiments is complete, the control unit leaves
the instrument in a resting state. No bubbler modules are selected. In this state there is no
carrier gas flow in the pathway between the bubbier module selectipn stage and the vapor '
valve of the first dilutiqn ,Stgge (see Figures 2 and 4). The vapor from the previous
e@edmmt remains in this section indefinitely. Therefore we send a final set of parameters
over the serial line instmcﬁng the conffol unit to select a bubbler module (but no bubbler),
providing carrier gas to flush this section of the system. In thi.é configuration, all pathways

are continuously flushed.
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Final Remafh. The discussion above has focused on the principles of
operation, and has not indicated, for example, the warm up periods and flushing times
‘mquixed with this instrument. These will vary with the particular vapors being used; less
volatile vapors will take longer to equilibrate and to flush out than more volatile vapors.
Analysts should determine times appropriate for their own ihstmments, the vapors they
use, and the types of experiments they want to execute. Because we use a wide variety of
vapors, we normally err on the side of caution choosing long warm up periods of 30-45
minutes. Since control experiments are run identically, long warm up periods provide
adequate flushing dmes for most volatile organic vapors.

The pulse-width modulation method as designed into this instrument by
Microsensor Systems is a novel method to dilute vapor streams using a minimum of carrier
gas. Diluting a 100 mL/min vapor stream to a thousandth of its source concentration
requires only an additional 300 mL/min of carrier gas, compared to the nariy 100,000
mL/min that would be required by a simple flow system. In addition, the volumetric flow
rate of the instrument output is constant regardless of the dilution. On the other hand, the

dilution of vapdr streams by simple flow methods is quite straightforward, especially when
| electronic flow controllers are utilized to regulate carrier gas flow rates. The pulse-width
modulation method dilutes in ratios detey mined by duty cycle timing only if the flow rates
of the vapor streams and carrier gas streams are identicol and constant. This critical
assumption of this method is worth recognizing and respecting. It was this aspect of pulse-

width modulation that prompted us to describe the method in this note.
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